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Recent mode coupling theofICT) calculations show that if a short-range attractive interaction is added to
the pure hard sphere system, one may observe a new type of glass originating from the clusterifitheffect
attractive glassas a result of the attractive interaction. This is in addition to the known glass-forming mecha-
nism due to the cage effect in the hard sphere systeenrepulsive glagsThe calculations also indicate that
if the range of attraction is sufficiently short compared to the diameter of the particle, within a certain interval
of volume fractions where the two glass-forming mechanisms nearly balance each other, varying the external
control parameter, the effective temperature, makes the glass-to-liquid-to-glass reentrance and the glass-to-
glass transitions possible. Here we present experimental evidence of both transitions, obtained from small-
angle neutron-scattering and photon correlation measurements taken from Ld#hsmpolymer micellar
solutions in heavy water. Varying the temperature in certain predicted volume fraction range triggers a sharp
transition between these two different types of glass. In particular, according to MCT, there is an end point
(called A5 singularity of this glass-to-glass transition line, beyond which the long-time dynamics of the two
glasses become identical. Our findings confirm this theoretical prediction. Surprisingly, although the Debye-
Waller factors, the long-time limit of the coherent intermediate scattering functions, of these two glasses
obtained from photon correlation measurements indeed become identical at the predicted volume fraction, they
exhibit distinctly different intermediate time relaxation. Furthermore, our experimental results obtained from
volume fractions beyond the end point are characterized by the same features as the repulsive glass obtained
before the end point. A complete phase diagram giving the boundaries of the structural arrest transitions for
L64 micellar system is given.
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[. INTRODUCTION havior of the system trapped in these structurally arrested
states.

Observation of gelation phenomena in colloids, such as in In the MCT, the structural arrest transition which causes
protein gels or in gel-like emulsion-polymer mixtures, is athe colloidal system to transform from a liquid state to an
common experience in our daily lifel]. The gel state of a amorphous solid state is viewed as a result of a kinetic glass
soft matter is characterized by an apparent manifestation of @ansition(KGT) predicted by the solution of the MCT bifur-
drastic slowing down of the local structural relaxation dy- cation equation. The KGT has been studied extensively both
namics around the typical particle in the system, which re-experimentally and theoretically for a class of systems which
sults in creation of a barrier for a dense, supercooled systeman be modeled as a hard sphere system in the past two
to reach its true lowest free energy state, an ordered crystaflecade$3—5].
line solid. Instead, a nonergodic state or a “structurally ar- Many colloids can be modeled as a system of spherical
rested” state, in which the local particle configuration is de-particles interacting via a specific form of pairwise state-
viated from the thermodynamical equilibrium state, isdependent effective pair potential. Therefore, the predictions
formed due to the short-range interaction potential betweenf the MCT can be tested unambiguously by comparing vari-
the particles. Although the structurally arrested state is amus experimental results obtained from a colloidal system
ubiquitous state of matter in our environment, traditionallywith results calculated explicitly using a specific interparticle
this state of matter is rather ill-characterized physically: It ispotential. Initially, a hard sphere system with a purely repul-
amorphous but classified neither as a gas or a liquid, nor assive interaction potential was used to model the colloidal
crystal. Fortunately, recent progrd®g in the mode coupling system. At low volume fractions, the behavior of the colloi-
theory (MCT) calculations opens up a possibility to gain a dal system is fluidlike. As the volume fraction increases, the
deeper physical insight into the detailed slow dynamical betest-particle time correlation functidself-intermediate scat-

tering function(self-ISH] and the density-density correlation
function (the intermediate scattering functionf the par-
*Electronic address: sowhsin@mit.edu ticles exhibit a two-stage relaxation process. The initial de-
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cay of the self-ISF corresponds to the rattling of a typical 278 . T .
particle confined within a transient cage formed by its ne|gh 2.50
bors, followed by a slow decay, resulting from the relaxatlon
of the cage itself and the escape of the trapped particle b)_"
rearranging its nearest neighbor configuration. The latter pro'; o 2.00 |-
cess leads to a possibility of particle diffusion through cou- 3 1.5
pling to a structural relaxation process. If a system can beg
manipulated so as to avoid the known crystallization at theE
volume fraction of 0.495, for example by artificially creating l— 123
a polydispersity in sizes of a few percent, at a critical volume £ 1.00
fraction ¢., which was predicted to be 0.51®ut deter-
mined to be 0.58 experimentallythe KGT can be observed . . . . . . |
[6]- A.t the KGT’. both the particle diffusion and the long-time 0'5((1).510 0515 0.520 0.525 0.530 0.535 0.540 0.545 0.550
density fluctuations at all wavelengths freeze and the systen Voluffie Fraction ¢

undergoes an ergodic-to-nonergodic transition. Although this

characteristic feature has been confirmed by computer riG, 1. (Color onling Theoretical phase diagram predicted by
molecular-dynamics simulationf§'] and laboratory experi- MCT calculations using the short-range attractive square-well po-
ments [6,8] involving different glass formers, there have tential with=0.03. The calculations predict the attractive glass-to-
been some anomalous dynamical observations, which cannjuid-to-repulsive glass reentrant transition, the attractive glass-to-
be interpreted in terms of the theory based on the hard spherepulsive glass transition, and the end point of the glass-glass
potential alond9]. transition line. Symbolgopen circles, squares, and trianglespre-

A more complete picture of the KGT is obtained by mod- sent the effective temperatufé, determined by fitting the experi-
eling the interparticle potential more accurately. Recent MCTmental SANS data taken in the liquid state with the method ex-
calculations[10—-12 show that if a system is characterized plained in the text, for different volume fractions.
by a hard core plus an additional short-range attractive inter-
action, for example, by an adhesive hard sphere systemisms may coexist and compete with each other, depending
(AHS), a different dynamical arrest scenario emerges. Theoon the values of the controlled parameters. The MCT calcu-
retically, the phase behavior of the AHS is characterized byations show that, with sufficiently smadi, variation of the
an effective temperatur€* =kgT/u, the volume fraction of two control parameter$* and ¢ allows the transition be-
the particles¢, and the fractional attractive well widta  tween these two distinct forms of glass. Thus there is a
=A/R, whereu is the depth of the attractive square wall, branch of the KGT line across which transitions between the
the width of the well, andR the diameter of the particle. In attractive glass and the repulsive glass are predicted. Of par-
this case, for a given, aside from the volume fraction, as in ticular interest is the occurrence of @y singularity (see
the case of a pure hard sphere system, a second exterr@g. 1) at which point the glass-to-glass transition line termi-
control parameter, the effective temperat(ig, is intro-  nates. MCT suggests that the long-time dynamics of the two
duced into the description of the phase behavior of the sysdistinct structurally arrested states become identical at and
tem and the loss of ergodicity can take place either by inbeyond this point.
creasing the volume fraction or by changing the effective Several ongoing experimental investigations have con-
temperature. firmed some of the theoretical predictions, such as the reen-

Figure 1 shows part of the predicted phase diagram basddant glass-to-liquid-to-glass transition phenomerid8,14]
on the AHS withe=0.03. In this case, it is possible for the and the logarithmic relaxation of the glassy dynamics in the
system to undergo a reentrajglass-to-liquid-to-glagstran-  liquid states in the vicinity of thé\; singularity [15]. They
sition (for example at$=0.532 in Fig. 1 by varying the are considered to be signatures of the glassy dynamics in the
effective temperature. At high effective temperatures and atwo-length-scale system. Yet, except for some recent experi-
sufficiently high volume fractions, the system evolves intomental reports on a dense micellar systeli,17], a detail
the well-known structurally arreste@lassy state, called a investigation of the glass-to-glass transition is just emerging,
“repulsive glass,” as a result of the cage effect, a manifestaand the physical insight into the slow dynamics near its as-
tion of the excluded volume effect due to the existence of thesociatedA; singularity still need to be clarified.
hard core. However, at relatively low effective temperatures, The study of KGT by neutron-scattering method is tradi-
an “attractive glass” can form in which motion of the typical tionally dominated by the use of the inelastic neutron-
particle is hindered by the cluster formation with neighbor-scattering(INS) and the spin-echo spectroscopy techniques.
ing particles due to the short-range attractive interactionHowever, by analyzing an extensive set of small-angle
Moreover, in an AHS, aside from the hard-core diameter, ameutron-scatteringd SANS) intensity distributions obtained
additional length scale, the range of the attractive wellfrom L64 micellar solutions, which exposes all the charac-
should come into playparameters). With this insight, we teristics of the AHS from our previous work46,17, we
may divide spherical colloidal systems into two categoriesdemonstrated that SANS is also a suitable tool to investigate
the one-length-scale hard sphere system, in which the glaske boundary of the KGT: By analyzing SANS intensity dis-
formation is dictated by the cage effect alone; and the twotributions, the difference in the structure factor before and
length-scale AHS, in which the two glass-forming mecha-after the KGT can be visualized vividly. Supplemental to the

2.25 -

Repulsive Glass T

p rat

1.50

C*
0.75 - Attractive Glass 7

Effective

041402-2



NEUTRON- AND LIGHT-SCATTERING STUDIES @ . .. PHYSICAL REVIEW E 68, 041402 (2003

photon correlation spectroscopfPCS, it provides rapid positions at a two-dimension&2D) area detector. The 2D
measurements of the peak of the structure factor over a widarea detector has an active area ofx4 cn? and the
temperature and volume fraction ranges, which is more difsample to detector distance is 2 m. This configuration allows
ficult to do with INS or spin-echo spectroscopy. By this a maximum scattering angle of about 9°. The relidbiange
method, we successfully confirmed the predicted reentrantovered in the measurements were from 0.004 Ao
phenomenon, the glass-to-glass transition and most impo6.6 A~1. k-resolution functions of both of these SANS spec-
tantly, the existence of thé; singularity, in quantitative trometers are Gaussian and well characterized. It is essential
agreement with predictions of MCT. Furthermore, we arethat we apply these resolution broadening to the theoretical
able, using SANS technique, to map out the complete struceross section when fitting the intensity data. Sample liquid
tural arrest phase boundaries for th&4 micellar system. was contained in a flat quartz cell with 1 mm path length.
The measured intensity was corrected for background and
empty cell contributions, and normalized by a reference scat-
tering intensity of a polymer sample of known cross section.
The micellar system we study is a triblock copolymer The photon correlation spectroscopy measurements were
L64, one member of the Pluronic family, used extensively inmade at a scattering angée=90°, using a continuous wave
industrial applications. After necessary purification proce-Solid state lasexVerdi-Coherent operating at 50 mWA\
dure[18] to remove hydrophobic impurities, the polymer is =5120 A) and an optical scattering cell of a diameter 1 cm
dissolved in deuterated water {D). Pluronic is made of In a refractive index matching bath. The intensity data were
polyethylene oxidg PEO) and polypropylene oxidéPPO. also corrected for turbidity and multiple scattering effects.
The chemical formula of 64 is (PEO)yPPO),(PEO)s, PCS data have been taken using a digital correlator with a
having a molecular weight of 2990 Da. At low temperatures ogarithmic sampling time scale which allows an accurate
both PEO and PPO are hydrophilic, so tHa64 chains des<_:ription o_f both the _short- and the long-time regions of
readily dissolve in water, and the polymers exist as unimersthe intermediate scattering function, fromus up to 100 s.
As the temperature increases there is a decrease in the prdellowing the method used for colloidal hard spheligkwe
ability of hydrogen-bond formation between water and poly-measure the correlation function
mer molecules, PPO tends to become less hydrophilic faster
than PEO. This creates an unbalance of hydrophilicity be- gDk, )= {1 (k01 (k, 7)) {1 (K,0))?, 1)
tween the end blocks and the middle block of the polymer
molecule, and the copolymer molecules acquire surfactangherel (k,7) is the intensity of light scattered at wave vector
properties in the aqueous environment and self-assemble toand at a delay time. The first bracket denotes the time
form micelles. Thus the micellar formation is initiated at a average and the second bracket denotes the positional aver-
well-defined critical micellar temperature-concentration line.age over different parts of the sample. Since the system
As the temperature further increases, water becomes progreshows a structural arrest transition, and therefore a noner-
sively a poor solvent to both PPO and PEO chains, and thgodic behavior, particular care has been taken in averaging
effective micelle-micelle interaction becomes attractive. Thepver many different positions in the sample for the measure-
evidence for the increased short-range micellar attraction as@ent of the long-time part of the time correlation function.
function of temperature comes from the existence of a loweFor each sample and each temperature we have performed
consolute critical point a€=5.0 wt % andlT=330.9 K[19]  more than 200 positional average measurements, observing a
and a percolation line detected by a jump of zero-shear vistarge scattering area corresponding to three or more indepen-
cosity of more than two orders of magnitug2z0]. We have  dent Fourier components and changing the position of the
explored the dynamically arrested states and their structuréample in order to observe different scattering volumes. The
in this micellar system, as a function of temperature at highsF g(l)(k,r) can be obtained from Eq1) in a straightfor-
volume fractions. During the experiments the temperaturgvard way using the Siegert relation.
stability was controlled to withint 0.1 K.
SANS measurements were performed at NG7, a 40-m
SANS spectrometer in the NIST Center for Neutron Re- lll. SANS DATA ANALYSIS
search, and at SAND station at the Intense Pulsed Neutron The apsolute intensityin unit of cm %) of small-angle
Source(IPNS) in Argonne National Laboratory. At NG7, in- neytron scattering from a system of monodispersed micelles
cident monochromatic neutrons of wave lenyth5 A with  c4n pe expressed by the following formula:
ANN=10% were used. Sample to detector distance was fixed
at 6 m, covering the magnitude of wave vector trangker
range 0.008 A1-0.3 A~1. At IPNS, high energy spallation I(k)=cN
neutrons are generated by bombarding a heavy metal target
with repetitive pulses of 500 MeV protons. After moderation
of these high energy neutrons by a solid methane moderatonhere ¢ is the concentration of polymefnumber of
a pulse of white neutrons was selected with an effectivgpolymers/cm), N the aggregation number of polymers in a
wave length range from 1.5 A to 14 A. In SAND all these micelle, =;b; sum of coherent scattering lengths of atoms
neutrons are utilized by encoding their individual time of comprising a polymer molecule,, the scattering length
flight and their scattering angles determined by their detectedensity of O, andv, the molecular volume of the poly-

II. EXPERIMENT
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mer. P(k) is the normalized intraparticle structure factor cal- 0 ! ! ' ' ' T ' '
culated by the modified cap-and-gown moftes] and S(k) ekl =TIk # E |
the intermicellar structure factor of a spherical particle sys- - 4 \‘ b
tem interacting via an attractive square-well potential with a __ 5o Tetae o E .
repulsive hard coreS(k) is calculated analytically by solv- = Il 1\ g s
ing the Ornstein-ZernikéDZ) equation in Percus-Yevick ap- g aor h ! . 1
proximation, for this square-well potential, to the first order 7 . | ; 4 ' . i
in a series of smalt expansior{21]. The detailed analytical 2 { 4 T
expression ofS(k) can be found in a previous publication ~ 20} ,' § .
[16]. It is important to note that thE (k) is the function of ¥ %
the aggregation numbét only andS(k) is the function of BF v ‘4& 1
the aggregation numbé\, the volume fraction of micelleg, LT R, o
the fractional well width parametey, and the effective tem- 0.00 002 0.04 0.06 008 010 012 014 0.16 0.18 0.20
peratureT*. To fit SANS data in absolute intensity scale, it Kk (A-1)
is essential to take into account the incoherent backgrount 35 y , . ; : ’ ' , ;
and the resolution correction of the instrument used. The o P -
main point is that an absolute SANS intensity distribution in 30| o sk o 7
the liquid state can be fitted by E@) uniquely with four e
25 o .

parametersN, ¢, &, andT*. =

To illustrate the model fitting, a SANS intensity distribu- IE 20| o i
tion obtained from a 48.5 wt.% micellar solution at 333 Kiin *_»
an absolute scale is shown in the upper panel of Fig. 2 as aixX 15[ b .
example. Symbols give the experimental data and the das/®
line gives the model fitting taking into account the resolution 10
correction. The same data plotted in a log-log scale are 5
shown in the inset. It can be seen that for sufficiently ld¢ge
the SANS absolute intensity decreaseka$, in agreement 0.0
with the Porod’s law as expected in a two-phase system witr 0.00 002 004 006 008 0.10 012 0.4 0.6 0.18 0.20

a sharp interface. The lower panel shows the normalizec k(;&q)

intra-particle structure factd?(k) (circles and the interpar-
ticle structure factorS(k) (squarep for this case. The ob-

served SANS data are proportional to the product of thes . :
Into account the effect of resolution function. Sym

occurs at a relatively smooth tail part 8f(k) implies that  resoution function. The inset gives the same da
the interaction peak in the SANS intensity distribution is |og-log scale. It can be seen that the Porod’s law

FIG. 2. (Color onling The upper panel shows the typical SANS
gnensity distribution in an absolute scale and its model fit taking
. . . . bols represent the
two functions. The fact that the first dlﬁrECtlon peakik) experimental data and the dash line the theory convoluted with the
ta but plotted in a
is satisfied at large
primarily reflecting the width of the first diffraction peak of k as is expected in a two-phase system with a sharp interface. The

S(K). lower panel gives the normalized intraparticle structure faE(dc)
(circles and the interparticle structure factgtk) (squaresused to

IV. SCALING PLOT OF SANS INTENSITY DISTRIBUTION

fit the data in the upper panel. TIKk) is calculated by solving the
OZ equation with a square-well intermicellar potential andRrljk)

At high enough polymer concentration, SANS intensityis calculated using the modified cap-and-gown mddé as the

distribution from thelL64/D,O micellar system generally polymer segmental distribution function in a micelle. The observed
consists of a single, sharp interaction peak. Since there is @ANS data are the product of these two functions and therefore it is
single peak in the observed SANS intensity distribution, weclear that the interaction peak in the SANS data is primarily due to

can assume that the system is characterized by a singiee first diffraction peak in the intermicellar structure factor.

length scale\ = 1/, wherek,,,., is the peak position of the
intensity distribution. It is well known that the absolute in-
tensity in a two-phase systefthe micelles and the solvent X=X~ Kmax
is given by a 3D Fourier transform of the Debye correlation
function I'(r), and the Debye correlation function in this

case must be of the formi(r/A) (scaling. Therefore y= L
kmax,
* _ r
1(k)=(7%) fo df47Tf2]o(kf)F(K), (3 it is straightforward to show that
2 i invar Kmaod (K) [ _
where( %) is the so-called invariant. L:j dxdmx2j o(xy)[(X).
By making a transformation of variables, (1?) 0

041402-4

4



NEUTRON- AND LIGHT-SCATTERING STUDIES @ . .. PHYSICAL REVIEW E 68, 041402 (2003

100 10! 102 108 104 10° 108 10° 10 102 108 104 105 108 107
o ;

1.0 7o : 1.0

09 8 ° 296K g9

08 LA B R ¢ =0.535 I: ggﬁ los

0.7 | ~ 320k 197

06 | {06

05 | 0.5

04| {04

03 gy, | 0-3

02} 402

o1} {0.1

9.0 oy [ 9.0

09 | 0.9

08 C ‘ O = 0:538 0.8

07 1 | Lo e g, 0.7
= 06 o 300k : Ry, T 0.6
A 951 & sosK S — i S 3 0.5
X~ 04 v 310K e NGRS K 0.4
L o3p9 313K 0.3

o

02 o 3iak 0.2

01 ao 325K 0.1

0.0 [ia5a)

oo = Ga

08 LE ¢ = 0.544

07 | L

06 ° oy

05 A , U T D 50 1 0

04 _ :

03

02

01}

00 L TR

10° 107 102 102 10%

Time (us)

FIG. 3. (Color onling (a) and(b) represent ISFs measured¢t0.525 and$p=0.535, respectively, where the liquid-to-attractive glass
transition is found, as a function of temperature. In the liquid state, the long-time limit gO8F), f, , is zero, while in the attractive glass
statef, is about 0.5. The structural arrest transition is thus characterized by a discontinuous chigngmabtéd a bifurcation transition. The
observed occurrence of a region of the logarithmic time dependence, preceding the plateau region for the system in the ergodic state just
before the transition, is highlighted by a straight line in the linear-log plots, respecti®eind(d) represent ISFs measureddat0.538 and
$=0.542. According to MCT, in this volume fraction range, there is a possibility to observe glass-to-glass transition by varying the effective
temperaturd*. Since the depth of the potential wel,u, is temperature dependent and increases on heating, the effective tempEtature
actually decreases as temperature rises, making the transition from the repulsive glass to the attractive glass possible. By comparing the
long-time limit of the ISFs, the two different types of the glasses can be identified by their respective tﬁWBsﬁ andff~0.4. The reason
for observing two different values of DWFs can be interpreted as the different degrees of localization of the density fluctuation having the
wave numbek, for the two types of glasse&) shows ISFs measured &ét=0.544, where according to MCT, the long-time limit of ISF of
the two glasses become identical. In our measurements, the long-time limit of ISFs of the attractive glass gradually decreases from 0.5, and
gets closer to 0.4, the long-time limit of ISFs of the repulsive glass. Although the DWFs of these two types of glasses are almost identical,
it is essential to recognize that there is a significant difference between the dynamics of their intermediate time reldxationss ISFs
measured ath=0.546. At this volume fraction, the long-time limit of ISFs of the attractive glass approaches closely to 0.4, which is the
long-time limit of ISFs of the repulsive glass. It indicates that beyond the volume fraction 0.544, the two glasses merge into a single
repulsive glass. Judging frorte) and (f), the experimentally determined volume fraction g singularity lies somewhere between
$=0.544 and$=0.546.

Thus it can be seen that the scaled intenisityl(K/(77) isa  the physical meaning of the scale intendify,,| (K)/(77) can
unique function of the scaled magnitude of the scatteringe interpreted as follows.

vector,y=k/Knax. Therefore, if we plot the scaled intensity ~ The invariant( ?) is mathematically defined as
distributions at different temperatures as a functiog,ahey
should collapse into one single master curve in the single-

phase amorphous state. . (7P = ifmkzl(k)dk. (5)
More specifically, take Fig. 2 as an example in our case, 2m?Jo
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FIG. 4. (Color online The theoretical fits to SANS data taken at NG7 SANS spectrometer at the NIST Center for Neutron Research, for
PluronicL64 micellar solutions at various concentrations and temperatures. Symbols are experimental data and lines are the fits. The fits in
absolute intensity scale take into account the effects of the resolution and the incoherent scattering backgrounds. The scattering intensities
increase at the higher temperature liquid phase as compared to lower temperature liquid phase and the positions of the peaks shift toward
smallerk due to the enhanced self-associatiarger aggregation numbeas the consequence of increased hydrophobicity of the polymer
segments at higher temperatures. It is important to note that from these fits we obtain unique values of four parameters: volunge fraction
fractional well widthe, the effective temperature* =kgT/u and the aggregation number of the micele

From Fig. 2 one can see that the minimum wave vector sig- K3 1K)

naling the onset of the Porod’s law is lat~0.09 A%, Ac- = ma . (6)
cording to the inset of Fig. 2, Porod's laifk)=Ak * is 1 (M, 13

valid,  when k>k;=0.09 AL  I(k;)=1 cm* 2], ¢ 1(K)dk+3.3x10

=108 A%, thusA=6.5x10 12 A~°. Therefore, the inte-

gral in (7°) can be divided into two parts, and the scaled Furthermore(5?) can be evaluated numerically and the

intensity k7.,J (Q/(77) can be rewritten as result is 4.% 10 2 A~*. Since the contribution from the
Porod’s part is only 3.8 10 3 A4, which is about 7.0% of
kaod (K) Kl (K) (7%, K3 (K77 can thus be approximated as
< 7]2> 1 me k3 3
" 2 I(k)dk maxI (k) I(maxl (k)
2mcJo > ~ . (7)
3 () iJklkzuk)dk
_ Kmax (K) 272Jo
1] (ke ) c s _
Py fo k7l (k)dk+ JL k7l (k)dk As we see from Fig. 2P(k) varies slowly within thek
: ' range of the first diffraction peak @&(k), and is negligibly
k3 _J(K) small beyondk;, the scale intensiti I (k)/(77) can thus be
= e e 03 well approximated by substituting E) into Eg. (7) and
o J lkzl(k)dk+j kzwdk canceling the common factdt(k) from the numerator and
272 Jo kg Kk the denominator of the equation to obtain the result:
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FIG. 5. (Color onling The effective temperatur&* of liquid state as a function of temperature, obtained by fitting SANS intensity
distributions from different concentrations. For the indicated concentrafidngenerally increases as temperature increases except in the
glass region which appears as a gap in the figure.
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system, starting from a liquid state at a lower temperature,
where the ISF decays to zero at long time, approaches a
KGT, characterized by a diverging relaxation time. At
KGT the ISF tends to a finite plateau at long tifie(k,t
—w)=f,>0]. Just before such an ergodic-to-nonergodic

Therefore, without losing generality, the scale intensity istransition taking place, the ISF measured in an ergodic state
proportional to the interparticle structure factgfk) in the

region of its first diffraction peak. Examples and discussionfit) at an intermediate time followed by a power-law decay
of the scaling plots are given in the following section.

V. RESULTS AND DISCUSSION

A. Intermediate scattering function measured by photon
correlation spectroscopy

exhibits a logarithmic relaxatiofindicated by a straight line

before the finak relaxation sets in. This is in agreement with
the MCT prediction. The nonergodic stat&=300 K, for
$»=0.535, as indicated by the ISF having a finite plateau at
long time, represents the attractive glass for which the
Debye-Waller factoDWF, the height of the plateau, is
about 0.5. As discussed above, an important prediction of the

To test the phase behavior predicted by MCT calculationsMCT calculation for an AHS is a suggestion that there exists
for an AHS system, ISFs were measured for a set of voluman attractive branch of KGT line near the cusp singularity
fractions within the interval 0.525¢4<0.546, where the re-
entrant phenomena of the glass-to-liquid-to-glass transitiorthis prediction, we extended the study of the micellar system
glass-to-glass transition and tiAg singular point were pre-
dicted for the case af=0.03, as shown in Fig. 1. Figurés3
and 3b) show ISFs obtained by PCS for two volume frac- surprising reentry from the glass to the liquid state, as seen
tions $»=0.525 and¢=0.535, respectively, at different tem- by the ISF again decaying to zero at higher temperatures.
peratures. As can be seen, on increasing the temperature, theThe ISFs measure at=0.538 and¢$=0.540, where the

separating two different glass phage®,1(. Motivated by

to higher temperatures. Starting from a glass state, upon in-
creasing the temperature further, the measured ISF reveals a
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FIG. 6. (Color onling SANS intensity distributions and their scaling plots¢at0.522, where the liquid-to-glass-to-liquid transition is
observed, at a temperatures range spanning 288 K—343 K. The top panel shows the SANS intensity distributions as a fknthien of
broader peak&rom 288 K to 303 K, 325 K to 343 Krepresent the liquid states and the narrower dfresn 306 K to 321 K represent the
glassy state. The scattering intensities increase at the higher temperature liquidtpbds&-hand side peak, from 325 K to 343 Ks
compared to lower temperature liquid phd#ee right hand-side peak, from 288 K to 303 &nd the positions of the peaks shift toward
smallerk due to the enhanced self-associatitarger aggregation numbeas a consequence of increased hydrophobicity of the polymer
segments at higher temperatures. The scaling plots of SANS intensity distributions are shown in the two bottom panels. It is seen clearly that
there are two distinct degrees of disordgrdging from the width of the peakwhich depend on temperature. While the narrower peak,
which is resolution limited, represents the glassy state, the broader peak, which is much broader than the resolution, represents the liquid
state with a broader distribution of the interparticle distances. The inset shows the peak height of the scaling plots as a function of
temperature. The variation of the peak heights indicates the reentrant liquid-to-attractive glass-to-liquid transition.

glass-to-glass transition is predicted, are given in Figs) 3 the depth of the potential well; u, is temperature dependent

and 3d). In the two-length-scale AHS, aside from the vol- and increases on heating to a certain extent, the effective
ume fractiong, the glass transition can be triggered by vary-temperatureT* actually decreases as temperature rises for
ing the effective temperatuE* as well. Due to the fact that certain interval of temperatures. Variation of temperature
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thus makes the transition between two distinct types obf the two glasses should become identical at this point. Our
glasses possible. Because the long-time limit of the ISFneasured ISFs verify this prediction, showing two nearly
(DWF) reflects the degree of localization of the density fluc-identical values of DWF, for the two glassy states, with an
tuation of a given wave vector, these two different types ofaverage value of,~0.45. Although the DWFs of these two
glasses, if they have different degrees of local disorder, catypes of glasses are identical, it is important to recognize that
be identified by their different values of DWF. From Figs. there is a significant difference between the dynamics of
3(c) and 3d) it is obvious that all the ISFs can be grouped their intermediate time relaxatiorithe B relaxation region
into two distinct sets of curves having two different values of ~ The ISFs measured at=0.546, which is a volume frac-
DWF—one atf,= 0.5 (attractive glassand the other af,  tion beyond theA; point, is shown in Fig. ). This figure
=0.4 (repulsive glass Figures %) and 3d) confirm the  shows similar features as in Fig:€3, with a merged DWF of
predicted glass-to-glass transition. fy,~0.4. It strongly hints that beyond the volume fraction
Figure 3e) shows the ISFs measured#t0.544, which, ¢$=0.544, the system exists in a repulsive glass state. It is
according to MCT, is the end point of the predicted glass-tointeresting to note here a critical pointlike characteristics of
glass transition line and therefore the long-time limit of ISFthe Az point.
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B. Fitting results of SANS data as temperature increases. This is due to the enhanced self-

,association of the micelldarger aggregation numbeas the

Small-angle neutron-scattering experiments were pe ) -
formed on Pluronid_64/D,0 micellar solutions at different cONSeduence of the increased hydrophobicity of the polymer
segments at higher temperatures. It is important to note here

concentrations and temperatures. These experiments WERE | . ; .

: . at in spite of the micelle growth as temperature increases,
?arr"\fd ?Ut u;lng NGh7 S'A(‘th?] S%e’:ggmiti.r at NtIISJNgerXeéANS data analyses show that the volume fraction of the
or Neutron Research an € station a » Almicelles remains constant, for a given weight fraction of
gonne National Laboratory. Part of the experimental result$ g4 4t ail temperatures studied.
as well as their theoretical fits are given in Fig. 4. Symbols  rigyre 5 summarizes the variation of the fitted effective
are experimental data and lines are the fits. The fits are in afdmperature parametd, as a function of temperatufg
absolute intensity scale taking into account the effects of thgyr several volume fractions studied. It can be seen clearly
instrumental resolution and the incoherent background. lhat as theT increases, th@* also increases. There are no
can be seen that for samples at both volume fractionsgata shown in the glass regions, which appear as gaps in the
$=0.532 and ¢$=0.536, the peak intensity is generally plots, due to lack of an appropriate theory for the structure
higher for the sample at the higher temperature liquid phaseactor of a system in a nonergodic state, showing the effect
Furthermore, the position of the peak shifts toward sm#&ller of aging process.
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C. Scaling plots of SANS data analyzing the intensity distributions using the scaling plots.

Figrue 6 shows a series of SANS intensity d|str|but|onsSANS intensity distribution (k) is proportional to the prod-
and their associated scaling plots for the 45wt% concentradct P(k)S(k), where P(k) is the decaying Gaussian-like
tion sample at different temperatures. The volume fraction opeak centered arourid=0. Thus the above product results
micelles for this polymer concentration is determined byin a single peak, reflecting the position and the height of the
SANS data analysis to be @t=0.522, independent of tem- first diffraction peak ofS(k), as explained in Sec. IV. It is
perature. In view of the fact that the 2D SANS patterns showwell known that the position of the first diffraction peak of
an isotropic ring, we conclude that the sample stays amorS(k) reflects the mean interparticle separation of the system
phous in the entire temperature range studied at this conceand the height of the peak reflects the degree of local order
tration. Looking carefully at the SANS intensity distributions surrounding a typical particle. Thus the height and the width
as a function of temperature given at the top panel, one alef the scaling peak can be used to visualize the degree of
ready sees clues showing the kinetic glass transition: Judgirigcal order surrounding a given particle in an amorphous
from the width of the peak, the intensity distributions at dif- state. Therefore, a sudden sharpening at given temperature
ferent temperatures can be categorized into two groups—signals the onset of the liquid-to-amorphous solid transition.
sharp one and a broad one. The situation becomes clearer By one can see from the two lower panels, there are two
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distinct degrees of disorder, which depend on temperature. SANS intensity distributions and their scaling plots for a
While the narrower peak, which is resolution limited, repre-sample at 48.5 wt %, a$p=0.532, at a series of temperatures
sents the glassy state and the broader peak, which is mueanging from 291 K to 340 K are shown in Fig. 7. The

broader than the resolution, represents the liquid state with scenario is similar to the previous example: A temperature-
broader distribution of the interparticle distances. This figuredependent degree of disorder again characterizes the system.
indicates that the system shows a reentrant liquid-toAs the temperature rises, the system experiences a liquid-to-
attractive glass-to-liquid transition as temperature increaseglass-to-liquid transition. However, in addition to all the
The sharpness of the scaling peaks which are resolution linsimilarities, when the temperature increases to 340 K, the
ited indicates that the nearest neighbor distance in the glassystem is driven into another glassy state peakedk at
state(ranging from 306 K to 321 Kis more uniform than =0.082 A". From the scaling plots shown in the bottom
that in the liquid statéfrom 288 K to 303 K, 325 K to 343 two panels, one can tell the differences between these two
K). The inset shows the peak height of the scaling plots as disordered glassy states. While the narrowest [j84R K) is
function of temperature. The variation of the peak heightsesolution limited, the slightly broader peékom 298 K to
indicates the reentrant liquid-to-attractive glass-to-liquid322 K) is also nearly resolution limited, but lower in the
transition. scaled intensity. Since the difference in local structures of
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different states is reflected in their scaling plgse discus- the peak heights of the scaling plots as a function of tem-
sion in Sec. 1V, we conclude that the degrees of disorder argperature are shown in the insets of the bottom panels of Figs.
different for these two amorphous states. It can be interpreted and 8. The transition temperatures between different amor-
that by varying the temperature, the system shows a liquidphous states can be visualized clearly in the figure. These
to-glass-to-liquid—to-glass transition. two figures show a firm evidence of the reentrant glass-to-
Figure 8 shows the same plots taken at concentration dfquid-to-glass transition which is in good agreement with
51.5 wt%, or¢=0.536, for different temperatures. Generally, the prediction of MCT for an AHS system. We would like to
it delivers the same message as Fig. 7: it shows the reentramtention here that the KGT boundaries determined by SANS
transition. However, it can be seen that the transition temagree with the results obtained from the latest specific heat
peratures between different states for these two different volmeasurement25].
ume fractions are different; especially at the high tempera- According to the MCT calculations for an AHS with suf-
ture region. For example, for the case@®0.536, the high ficiently short-range attraction, a glass-to-glass transition is
temperature liquid state is observed only at 331 K. When the@redicted[10]. Although the transitions between different
temperature increases to 333 K, the system transits to themorphous glassy states are not uncommon in pure sub-
repulsive glass state. In order to make this point more cleastances such as,B, Si, Ge[23], yet there is no detail in-
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vestigation of the glass-to-glass transition in a micellar 350 - - . . - T T
system so far except for some recent reppt&17. Comb-

ing with the PCYsee Figs. &) and 3d)], a concrete evi- S0

dence of such a transition in a micellar system was reveale gqq| e |
by SANS. From SANS intensity distributions, taken at & : ] )
¢$=0.538, shown in Fig. 9, one can see that the much broade® 320| . , |
peaks(liquid state disappear and variation of temperature g -sd RC
triggers the transition between the two amorphous solid8 310 ! 1
states with different degrees of disorder. By increasing theE»

temperature, the variation of the peak heights of the scaling 3% re |

plots shown in the inset shows a reentrant repulsive glass-to o, | Disordered Micellar Phase
attractive glass-to-repulsive glass transition.

Perhaps the most important prediction of the AHS system 280 : s : : : :
is the existence of the end point of the glass-to-glass transi 047 048 042 050 051 052 033 054 055
tion line, the so-called\; singularity. Comparing with the Volume Fraction (¢)
critical point of the equilibrium states, certain degree of simi- FIG. 12. (Color online The experimental phase diagram of
larity between them can be found. Therefore, it is intriguingL64/D,0 micellar system. The solid line represents the equilibrium
to speculate the extent to which one can draw the analogghase boundary of disorder micellar liquid states and the hexagonal
between the\; singularity and the ordinary equilibrium criti- liquid crystalline state$24]. The dash line represents the kinetic
cal point. In the case af=0.03, the volume fraction of the glass transition boundary which is determined by SANS and PCS.

A, point is predicted to bep(As)=0.544. SANS intensity The symbols represent the phgse points where part.s of the experi-
distribution and its associated scaling plot are shown in Figental data were taken. The triangles represent liquid étatahe
10. As one can see, all the scaling intensity curves CollapsC|rcles the attractive glaséAG), the squares the repulsive glass

; . B . . FRG). This figure depicts several important information about this
into one single master curve, indicating that the first dlf-h"”lc'system: Within the region where the true ground state is the hex-

tion peaks of the structure factor for all states are identical. Iggonw liquid crystalline phase, only the metastable attractive glass
suggests that the local structures of the two glasses are ideg-opserved. The repulsive glass is found in the region where the
tical. The inset given in the bottom panel shows that all theyolume fraction is larger than 0.536. It is interesting to see that
scaling peaks have the identical heigabout 140, indicat-  there is a pocket of the attractive glass imbedded in between two
ing that the two glasses indeed have same degree of loca¢parate repulsive glass regions spanning the volume fraction range
order. between 0.536 and 0.544. Furthermore, it is important to note that
Increasinge further to 0.546(Fig. 11), all the scaled in- the two different glasses become identical in their local structures
tensities are again characterized by a unique temperatur@d the long-time dynamics when the volume fraction exceed
independent length scale and collapse into one single mastéfAs) =0.544.
curve, independent of temperature, showing an identical lo-
cal structure of the two glasses. This is the proof that the VI. CONCLUSIONS
MCT predictions are accurate.
The phase diagram shown in Fig. 12 summarizes the es- |n summary, we used photon correlation spectroscopy to
sential r_esults of the extensive SANS gnd PCS data analys%rify the fact thatL64/D,0O micellar system follows the
It contains the known equilibrium, liquid-to-hexagonal Crys- oeral structural arrest transition behavior predicted by the
talline phase boundarisolid line) [24], the experimentally ot cajculated using a square-well potential with a short-
determined KGT lines(dash lines and the phase points range attraction relative to the micellar size. In particular, we

where parts of the experimental data are takeymbols. show experimentally the existence of a glass-to-glass transi-

This figure shows several important information about thlstiﬁn line which starts at poinC*, where the two glass

system: First, only the metastable attractive glass is observe d the liauid oh st and ends at Boint
within the region where the true lowest free energy state iPhases an e liquid phase coexist, and ends at pain

the hexagonal liquid crystalline phase. Next, the repulsivéVnere the two glass phases mefd&]. Our SANS experi-
glass only exists in the region where the volume fraction ig"ent further shows that while the local structures of the at-
larger than 0.536. It is interesting to see that there is a pockdfactive and the repulsive glasses are in general different,
of the attractive glass imbedded in-between two separate rébey become identical at the predicted volume fraction of the
pulsive glass regions spanning the volume fraction range befs singularity, independent of temperature. However, our
tween 0.536 and 0.544, where the reentrant glass-to-glas¥CS results indicate that the relaxation of the two glasses are
transition is observed. Furthermore, from Figs. 3, 10, and 11different in the intermediate time region even at Zgpoint.

it is important to note that the two different glasses becomd&he central result of this paper is the use of the SANS
identical in their local structures and the long-time dynamicsmethod to pinpoint the exact volume fractions whereGife
when the volume fraction exceedsAz;) =0.544. Further- point and theA; singularity are locatefll0] and furthermore,
more, judging from the DWF and the peak height of theto verify that for volume fractions beyond thfg; point, the
scaled intensity, the merged identical glassy state is the resystem remains in the repulsive glass phase. We are able to
pulsive glass. map out the whole structural arrest transition boundaries in
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the L64/D,0O micellar system using SANS method alone.
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